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Februar/February 1997 When consuming food, the sensorial quality experi enced by the consumer is directly related to the product's rheological properties. The rheology deter mines the product's "texture" [5] , [6] , which, together with smell, taste, and color, make up the complete sensory experience of the foodstuff. "Texture results from properties related to a foodstuff's structure as sensed by taste and feel; such properties also can be determined by kinetically equivalent structure and force measurements and expressed via rheological properties" [7] . The term "texture" thus means much more than just "mouthfeeling"; it arises from visual, auditory and tactile stimuli.
In biopolymer solutions and biopolymer/hydrocolloid mixtures, intra-and intermolecular interactions are often present. These lead to pronounced macro molecular structures that influence texture, transport properties, and processing characteristics. To address these complex relationships independently of a specific individual's taste, we examined the use of rheology (in particular rhea-optical techniques) to accurately predict physical properties of polymer solutions. the first normal stress difference N1 (a measure of the sample's elastic properties), even for low molecular weight samples and solutions with a low concentration of polymer. Figure 1 shows the rhea-optical apparatus used in this work; it was designed and built in cooperation with Prof. Fuller of Stanford University. For additional details on the experimental methodology, see referen ces [9 -11] . With this apparatus, the influence of shear rate yon the polymer segments and polymer aggre gates can be quantitatively determined, as can intermolecular interactions. Furthermore a replace ment of the double-slit geometry by a four-roll mill allows to determine extensional properties [12] .
Results and discussion
In the past, determining the texture and rheological profile of foodstuffs was time-consuming and depen dent on a specific individual's preferences. In compari son, rheological measurements are clearer and more precise. In 1990, Windhab [13] presented correlations between texture and rheological properties as shown in Table 1 .
These results indicate it is possible to obtain useful information from rheological parameters. The following general relations were found: muscosity is related to a foodstuff's elastic properties (i. e., first normal stress difference N 1 and the storage modulus G'), while thickening is related to viscous properties (i. e., shear stress cr12 and loss modulus G"). For comparable gels, user acceptance increases as the gel's viscous component increases. The rheological characterization indicates that the solution flow behavior and gel properties have a complex dependence on chemical structure, molecular weight, and the biopolymer microstructure formed in solution. In thermodynami cally good solvents, depending on the molecular weight and polymer concentrations, five solution states can be identified [14] : dilute particle solution, moderately concentrated particle solution, concen trated particle solution, moderately concentrated network solution, and concentrated network solution. Most applications of biopolymer solutions use moderately concentrated network solutions. In the following section we examine whether the rhea mechanical parameters (such as shear viscosity TJ, storage modulus G', and loss modulus G"), combined with rhea-optical tests allow one to make detailed predictions about the solution structure. This is Speichermodul G'), [11] . In diesem Zusammenhang sei darauf hingewiesen, daB das hier untersuchte Xanthan eine besonders hohe Reinheit aufweist. done using the biopolymer xanthan and the biopoly mer/hydrocolloid mixture corn starch-K carrageenan as samples. In the latter system, one can detect mole cular interactions and make inferences about the sol (50 °C) and gel (25 oc) states.
1 Xanthan
Xanthan is a fermentation polymer and exo-poly saccharide being used ever more frequently as a foodstuff additive (approved as "E415"). Its advanta ges include good thickening characteristics, excellent stability against mono-and divalent salts, and high heat resistance. As shown by Kulicke and co-workers [16] , xanthan's superior properties result from formation of a double helix or the transition from helix to coiled polymeric structures. Xanthan was particularly well suited for this study because its rheo-mechanical properties have already been extensively investigated and the first rheo-optical measurements with xanthan are available [11] . Another advantage of the material examined here was its extremely high purity.
The difference in sensitivity of dichroism and birefrin gence to different size structures makes it possible to use rheo-optics to determine dynamic properties of dissolved and aggregated solution components. Figure 2 shows a comparison of birefringence, dichroism, and the corresponding orientation angles, which reflect the flow properties of the polymer segments and polymer aggregates. The larger structures, detected via dichroism, are more strongly oriented than the polymer segments detected via birefringence. In this figure, an angle of 45 o represents no orientation, while an angle of oo represents complete orientation. One also observes that, in contrast to the birefringence, the dichroism and its corresponding orientation angle exhibit no significant dependence on the shear rate y r-----------, The aggregates achieve a steady state orientation; they are also undeformed by shear, as evidenced by the constant dichroism value. In the rhea-mechanical measurements one must thus take into account that polymer segments and aggregates exhibit different behavior in a shear field.
Besides aggregation, the solution's ion concentration is also influential. At higher salt concentrations, Coulombic repulsions of neighboring ions is lessened, due to charge density changes or charge shielding by low molecular weight oppositely charged ions. The reduced ion strength can result in formation of a helical structure. Lowering the ion concentration causes the side groups to extend, resulting in a disordered coil-like structure (helix to coil transition [17] ). This transition is accompanied by a noticeable viscosity increase [18] .
Different salt concentrations lead not only to different viscosities but also to different values of 6n' and 6n" (Fig. 3) . At low shear rates the salt-free solution has a higher birefringence; i n this range there is a correla tion between the solution's optical and mechanical properties.
Other dependencies are found for dichroism in diffe rent solvents. Like birefringence and viscosity, 6n" for the salt-free solution is higher than for the solution with salt. Both solutions exhibit a constant dichroism at high shear rates. This indicates that the aggregates are larger in the salt-free solution and that a different solution structure exists.
Corn starch/K -carrageenan
Tests on the pure materials show that K-carragee nan easily forms a gel and corn starch does not, even at higher concentrations. In order to investi gate the behavior during shear flow, a temperature was selected above the gel �sol transition (50 oc = 323 K). Figure 4 shows the flow curves for corn starch, K-carrageenan, and the mixture. The viscosity did not increase as much as one would expect when the corn starch concentration was increased from 1 to 2%.
(at 323 K). However, even more surprisingly, mixing K-carrageenan and corn starch resulted in a very large viscosity rise: adding the lower viscosity corn starch results in a mixture with a viscosity more than twice that of the pure K-carrageenan solution. Even summing the viscosity values of the single components does not yield a viscosity as large as that of the mixture. From rhea-mechanical measurements alone one can only conjecture that the viscosity increase i s caused by synergetic interactions or an increase in the overall concentration. A rheo-optical investigation was therefore conducted and the results of these measurements provide a clearer picture, as shown in Fig. 5 .
die salzhaltige. In beiden Lbsungsmitteln zeigt der Dichroismus bei hbheren Schergeschwindigkeiten einen konstanten Verlauf und keine Abhangigkeit von der Schergeschwindigkeit. Dieses deutet auf einen grbBeren aggregierten Anteil in der salzfreien Lbsung und somit auf eine andere Lbsungsstruktur hin. The dichroism of corn starch at c = 2% is twice that of the solution at c = 1%, in line with the concentration dependence expected in the ideal case. In contrast, the birefringence values of the mixtures are conside rably higher than those of either of the pure compo nents. Unlike the viscosity dependence of the two pure components, the birefringence of the pure compo nents is linearly proportional to their concentration over the range examined. Thus, doubling the concen tration leads to a corresponding doubling of the birefringence. Although corn starch and K-carra geenan exhibit an identical birefringence value at c = 1 %, the birefringence of the mixture at c = 2% is significantly higher than that of pure corn starch at the same concentration. This indicates that the two components interact strongly and these inter actions cannot be elucidated through rhea-mechanical measurements alone. The data also indicate that a change in the solution structure occurs, because the birefringence is a direct measure of the dynamic behavior of the polymer segments. Figure 6 shows that the polymer segments (filled symbols) are more strongly oriented in the mixture than in the pure corn starch. One also observes that the birefringence is less dependent on shear rate at y > 100 s-1• On the other hand, the polymer aggre gates (open symbols) still depend strongly on shear rate in this region. At y > 10 s -1 , the mixture aggregates become completely oriented. This is especially noteworthy, because the K-carrageenan component in the pure state exhibits no dichroism. One also finds that the two components exhibit a completely different dynamic depending on shear rate. While the <1> value of K-carrageenan is nearly shear rate independent, all samples containing starch exhibit a pronounced dependence. This indicates that the orientation of the polymer segments can be influenced by addition of starch, even at low shear rates. This is probably the result of hydrogen bonding. ----�--------------- Rhea-optics provides a method to determine new material functions, quantitatively identify orientation of polymer segments and polymer aggregates, and detect interaction phenomena, even in solutions. One thereby obtains deeper insight into the solution micro structure, which is particularly advantageous for bio polymers, because they often exhibit heterogeneous solution properties.
